1 fermentation due to the combined effect of ethanol and temperature; a QTL-2 mapping study. Abstract 6 5
In order to improve yeast temperature tolerance during alcoholic fermentation, several genetic 1 0 6 strategies have been developed such as mutagenesis [18, 19] , adaptive evolution [20, 21] and 1 0 7 breeding strategies [5, 6] demonstrating that fermentation completion at elevated temperatures is a 1 0 8 complex quantitative trait. Beside these applied researches, the ability to growth at high temperature 1 0 9 was investigated in laboratory conditions. Particularly tolerant strains were found in clinical samples [22], tropical fruits [23] or cachaça brews [24] . These strains, able to growth in laboratory media at 1 1 1 up to 42°C, were used for implementing quantitative genetic approaches carried out in standard 1 1 2 laboratory media [25] . The genetic basis of High Temperature Growth (HTG) revealed to be 1 1 3 particularly complex highlighting the existence of epistatic networks involving multiple genes and 1 1 4 their allelic variations [26] [27] [28] [29] . Although very efficient, these studies were mostly carried out in 1 1 5 physiological conditions that are far from the industrial reality. However, many stresses (including 1 1 6 the temperature) impacting the yeast physiology are more stringent during the stationary growth 1 1 7 phase since ethanol concentration is higher. In such conditions, the identification of natural genetic 1 1 8 variations preventing stuck fermentation were never identified. In a previous work, we constructed by successive backcrosses a Nearly Isogenic Lineage (NIL) 1 2 0 improved for its fermentation performance at 28°C [5] . In this lineage, nearly 93% of the genome is 1 2 1 identical to one parental strain showing stuck fermentation at elevated temperature. The remaining 1 2 2 7% of the genome contains heterozygous genetic regions that prevent stuck fermentation. In the 1 2 3 present work, this genetic material was used for carrying out a QTL mapping using a selective 1 2 4 genotyping strategy. Three main QTL were identified and two of them were dissected at the gene 1 2 5 level leading to the identification of two causative genes encoding the proteins Oye2p and Vhs1p. The third locus mapped was the subtelomeric region of the chromosome XV that could play a role in 1 2 7 this complex trait. Among many others, the temperature is an impacting factor that influences the fermentation 1 3 1 completion [30] . In a previous study, we demonstrated that this parameter induced stuck 1 3 2 fermentations for many wine industrial starters when they are steadily fermented at 28°C. In 1 3 3 5 contrast, in the same media, most of them achieved the fermentation when the temperature was 1 3 4 maintained at 24°C. For another group of strains, the temperature change did not affect the 1 3 5 fermentation completion. These observations suggested a differential susceptibility to temperature in 1 3 6 high gravity medium that was defined as thermo-sensitive/tolerant trait [5] . Among various wine 1 3 7 yeast strains, this phenotypic discrepancy is particularly high for the meiotic segregants B-1A and G-1 3 8 4A, which are derived from commercial starters Actiflore BO213 and Zymaflore F10, respectively 1 3 9 (Laffort, FRANCE) ( Table 1 ). In a breeding program, the hybrid H4 was obtained by successive 1 4 0 backcrosses using the tolerant strain, B-1A as the donor and the sensitive strain, G-4A as the 1 4 1 recipient strain (see Figure 1A ). These backcrosses were driven by selecting recursively the meiotic 1 4 2 segregants showing the best fermentation performance at 28°C [5] . The resulting hybrid H4 had a 1 4 3 strong genetic similarity (~93%) with the recipient background G-4A but also inherited some genetic 1 4 4 regions from B-1A conferring a more efficient fermentation at 28°C ( Figure 1A) . The aim of the present study is to identify the genetic determinisms explaining the phenotypic 1 4 6 variance observed in this nearly isogenic population by applying QTL mapping approach. The 1 4 7 overall strategy is presented in the Figure 1 (B and C). Initially, the phenotypic segregation of 1 4 8 fermentation traits was investigated in 77-segregants of H4. Then, seven extreme individuals leaving high variability. This is the case of the Residual Sugars at the end of the alcoholic fermentation We first investigated the QTL VIII_464 by analyzing the genomic sequence of both parental strains 2 8 0 neighboring 15 kb from the best marker found. This region (456000 to 472000 bp) encompassed 7 2 8 1 genes; four of them (STB5, OYE2, YHR180W, YHR182W) showed non-synonymous SNP between 2 8 2 the parental strains (Additional file 6). At less than 2 kb of the QTL peak, a deletion at the position screening genome databases, we did not detect this specific deletion in other 100 strains (data not 2 8 9
shown). However, two other strains carry missense polymorphisms that generate truncated Oye2p 2 9 0 proteins OS104 (p.Gly73fs) and S294 (p.Gln176*) ( Figure 5A ).
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To test the impact of this candidate gene, Reciprocal Hemizygous Assay (RHA) [25] was 2 9 2
implemented. This method allows the comparison of each parental allele in the H4-hybrid 2 9 3
background. The strains H4-OYE2-G and H4-OYE2-B were obtained by using a deletion cassette.
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These hemizygous hybrids had genotypes ΔOYE2 B ::KanMx4/OYE2 G and OYE2 B /ΔOYE2 G ::KanMx4, 2 9 5
respectively (Table 1) . Their fermentation performances were compared at different fermentation 2 9 6 temperatures (24, 28 and 32°C). In addition to the CO 2 fermentation kinetics, biomass samples were 2 9 7 taken in order to estimate the maximal population reached as well as the cell viability at 70% of the 2 9 8
fermentation. An analysis of variance (type II) reveals that both temperature and OYE2-allele nature 2 9 9 impacted many phenotypes. The temperature effect accounts for the major part of the phenotypic 3 0 0
variance confirming its deleterious effect on the fermentation completion in high gravity conditions. nor cellular viability were different between the hemizygous hybrids (Additional file 7). Therefore, the 3 0 5
physiological impact of Oye2p concerns more fermentation activity than the cell growth or viability. In 3 0 6 standard laboratory conditions, the OYE2 hemizygous showed exactly the same fitness (data not 3 0 7
shown). For the RS measured at 28°C, the phenotypic difference between H4-OYE2-G and H4-3 0 8
OYE2-B hybrids was close to 16 g/L. By splitting the H4-progenies in two groups according to their 3 0 9
inheritance for OYE2 marker, the average phenotypic discrepancy within the two groups is only 9. In the hybrid H4, phenotypes observed are quite similar to those observed in the hemizygous hybrid 3 1 7
H4-OYE2-B suggesting the recessive nature of this mutation ( Figure 5B and C). In other to evaluate 3 1 8 more generally the implication of the OYE2 gene in wine fermentations, we assayed in laboratory 3 1 9 strain background (BY4741) the physiological impact of its full deletion using the strain Δ oye2 3 2 0 (Y02873). The fermentation conditions were adapted by reducing the initial sugar content (180g/ 3 2 1 instead of 260g/L) since the laboratory strain is much less adapted than industrial backgrounds confirming the importance of this gene in the fermentation resistance. Since no significant interactions were detected, only the part of variance explained for allele and temperature treatment The second QTL localized in the right arm of chromosome IV was also dissected. During the 3 3 7 backcross procedure, three distinct introgressed regions were inherited form B-1A, encompassing a 3 3 8 very large portion of chromosome IV ( Figure 2B ). Only the central zone was statistically linked to the 3 3 9
phenotype with a maximum peak detected for the marker IV_953. In this genomic region (945500 to 3 4 0 957800), nine non-synonymous variations were found within the parental strains affecting 7 genes 3 4 1 (Additional file 6). The most striking mutation was a nucleotide substitution C to A at the position terminal amino acids but conserves its catalytic domain. This allelic variation was not detected in (Table 1 ). In the experimental conditions used for QTL mapping (260 g/L of sugar, 28°C), we did not differences are found neither for growth, biomass production, nor viability whatever the culture 3 5 4 medium used (synthetic grape juice or laboratory medium). The weak effect observed is likely due to 3 5 5
the fact that other genes in this genetic region also impact this phenotype. The hybrid H4 has the 3 5 6 same phenotypic level than the hemizygous hybrid H4-VHS1-G suggesting that the beneficial allele 3 5 7 VHS1 B is mostly recessive. Alike for OYE2, we verified the VHS1 effect in another genetic was not observed at 28°C but at 24°C. This could be explained by the very sluggish fermentation 3 6 3 kinetics of laboratory strain that was unable to consume 40% of the total sugar. These additional results demonstrated that a loss of function of this protein is deleterious for fermentation efficiency. Strikingly, the effect of total deletion of VHS1 in BY background contrasted with the partial C- identified. The weak effect of this mutation suggested that VHS1 is not the unique gene explaining the effect of this QTL. Therefore, other allelic variations physically linked to VHS1 are likely involved 3 7 2 and remain to be identified. In this work, we investigated the genetic causes preventing stuck fermentations in high sugars and 3 7 8
temperatures conditions by using a QTL mapping analysis. In order to reduce the genotyping cost, 3 7 9
the QTL mapping was carried out on a Nearly Isogenic Lineage (NIL). This lineage is derived from 3 8 0 meiotic segregants of the hybrid H4, which has been obtained by successive backcrosses, using as individually. The selection of only seven segregants representing the tail of RS distribution (the best 3 9 2 10%) was sufficient to map 12 genomic regions by using Tiling microarray. Once the main 3 9 3
introgressed regions have been localized, we applied an additional filter using the parental genome sequences. This filter was necessary since the SNPs detected by Tiling microarray were not all confirming the efficiency of our strategy. Despite the low-density map used, it is noteworthy that both 4 0 0 QTL mapped are very close to the causative genes identified (OYE2 and VHS1) less than 4 kb. The identification of only two major QTLs explaining 40% of the total variance observed in the H4- suggesting that the cause of their phenotypic discrepancy is elsewhere. By comparing the read 4 1 5 coverage of the parental strains, we found that B-1A has a 12-kb deletion in the right subtelomeric 4 1 6 part of the chromosome XV (Additional file 9). This deletion encompassed the genes FIT2, FIT3, 4 1 7 FRE5, YOR385W, PHR1, and YOR387W and has been previously described for other yeast strains 4 1 8
[41]. Since the allele of the strain B-1A confers temperature sensitivity, the lack of one or many New insights in the physiological role of the old yellow reductase Oye2p.
The first QTL mapped (VIII_464) has a major impact on stuck fermentation since it explains more 4 2 8 that 25% of the total variance observed for residual sugar (Table 4 ). By using a Reciprocal practices. [46] as well as in oxidative stress response [47, 48] . This mitochondrion-associated protein was also shown that the deletion of the pro apoptotic protein Sch9p as well as the inhibition of TOR complex oxidative conditions, led us to measure the cell viability as well as the biomass production of 4 7 0 hemizygous hybrids during the alcoholic fermentation. However, no significant differences were 4 7 1 2 0 detected (Additional file 7, Table 6) indicating that the allelic forms tested did not affect cell viability 4 7 2 in our conditions. This could be explained by the relative low amount of nitrogen used (190 mg.NL -1 ), We dissected at the gene level a second QTL (IV_953) also linked to the ability to achieve the later to the locus VIII_464, this genomic region is quite large (> 400 kb) ( suggesting that the truncated form might conserve its serine-threonine kinase activity. This effect is the laboratory background the full gene deletion has a deleterious impact on fermentation fitness.
The role of temperature in the expressivity of this gene remains unclear. Although the Repriprocal 5 0 1 hemizygous analysis indicates an effect only at 32°C (Figure 6 A and B) , the VHS1 deletion is that confers a fermentation resistance in high sugar and temperature conditions. In this study we identified by a QTL mapping approach, two natural allelic variations impacting the 5 1 2 fermentation performance of industrial yeast in sugar rich media (>250g /L of glucose-fructose). A 5 1 3 third locus encompassing the deletion of 6 subtelomeric genes has been also detected. The 5 1 4 combination of selective genotyping and the further selection of few markers did not impact the 5 1 5
precision of QTL mapping leading to capture nearly 50 % of the total phenotypic variation.
2 4 linearity of this method was presented in the Additional file 10 and was recently published [61].
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Ethanol (%Vol) was measured by infrared reflectance using an Infra-Analyzer 450 (Technicon, 5 7 0
Plaisir, France). 
